Gonadotropin-releasing hormone (GnRH) neurons are the final central regulators of reproduction, integrating various inputs that modulate fertility. Stress typically inhibits reproduction but can be stimulatory; stress effects can also be modulated by steroid milieu. Corticotropin-releasing hormone (CRH) released during the stress response may suppress reproduction independent of downstream glucocorticoids. We hypothesized CRH suppresses fertility by decreasing GnRH neuron firing activity. To test this, mice were ovariectomized (OVX) and either implanted with an estradiol capsule (OVX+E) or not treated further to examine the influence of estradiol on GnRH neuron response to CRH. Targeted extracellular recordings were used to record firing activity from green fluorescent protein-identified GnRH neurons in brain slices before and during CRH treatment; recordings were done in the afternoon when estradiol has a positive feedback effect to increase GnRH neuron firing. In OVX mice, CRH did not affect the firing rate of GnRH neurons. In contrast, CRH exhibited dosedependent stimulatory (30 nM) or inhibitory (100 nM) effects on GnRH neuron firing activity in OVX+E mice; both effects were reversible. The dose-dependent effects of CRH appear to result from activation of different receptor populations; a CRH receptor type-1 agonist increased firing activity in GnRH neurons, whereas a CRH receptor type-2 agonist decreased firing activity. CRH and specific agonists also differentially regulated short-term burst frequency and burst properties, including burst duration, spikes/burst, and/or intraburst interval. These results indicate that CRH alters GnRH neuron activity and that estradiol is required for CRH to exert both stimulatory and inhibitory effects on GnRH neurons. (Endocrinology 159: 414-425, 2018) G onadotropin-releasing hormone (GnRH) neurons are crucial regulators of the reproductive system. GnRH pulses stimulate secretion of the gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone, which then induce the gonads to activate gametogenesis and steroidogenesis. GnRH release at the median eminence typically requires action potential firing (1). Many factors that alter GnRH neuron action potential firing regulate fertility (2-4). Stress is one of these factors. In some cases, acute stress can stimulate the reproductive system (5-7). The vast majority of studies, however, suggest that stress exposure suppresses reproductive function. Various types of stressors suppress LH pulses in several species, including rats (8, 9), monkeys (10-12), sheep (13-15), and mice (16).
hormone (CRH), which stimulates secretion of adrenocorticotropic hormone from the pituitary and thereby increased glucocorticoid production by the adrenal cortex. Activation of the HPA axis as monitored by increased circulating glucocorticoids during the stress response commonly occurs concomitantly with inhibition of the reproductive system (17) (18) (19) . Some studies, however, suggest that CRH could have a direct effect on reproduction independent of the downstream glucocorticoid pathway. Pretreatment with CRH receptor (CRHR) antagonists prevents stress-induced suppression of LH pulses (20) (21) (22) . In addition, intracerebroventricular or median eminence administration of CRH inhibits LH pulses (21, 23, 24) and hypothalamic multiunit electrical activity volleys that are associated with LH pulses (23) . This inhibitory effect of CRH on LH pulses persists in adrenalectomized monkeys, which lack the main glucocorticoid production site.
Interactions between the HPA axis and the reproductive system are modulated by estradiol. For example, estradiol potentiates inhibitory effects of insulin-induced hypoglycemia (8, 25) and food deprivation (26) on LH pulses in ovariectomized (OVX) animals compared with those without estradiol treatment. OVX rats with estradiol replacement exhibit more severe suppression of LH secretion after CRH treatment than OVX rats (21) . Further, estradiol treatment increases CRHR type-2 (CRHR-2) messenger RNA (mRNA) expression in immortalized GnRH neurons (GT1 cells) (27) . These data indicate that estradiol typically enhances the effect of stress on reproduction, potentially via a CRH-mediated pathway.
Anatomical observations suggest that CRH-producing neurons can directly affect GnRH neurons. CRHcontaining fibers synapse on GnRH neurons (28, 29) . Approximately 30% of GnRH neurons in female mice exhibit CRHR immunoreactivity (30) . The antibody used did not distinguish between CRHR subtypes; however, in the same paper, single-cell gene expression profiling was positive for CRHR type-1 (CRHR-1) but not CRHR-2 (30) . Intracerebroventricular injection of CRH decreases GnRH mRNA expression in ewes (31) , and studies in GT1 cells suggest the inhibitory effect of CRH on GnRH mRNA expression could be direct (27) . These lines of evidence suggest CRH may alter GnRH neuron function as one mechanism of altering the reproductive system. Here, we examined the effect of CRH on GnRH neuron activity, the type of receptors involved, and the influence of estradiol milieu on this response in female mice.
Material and Methods
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.
Animals
Female mice expressing green fluorescent protein under the control of the GnRH promoter were used (32) . Mice were on a B6CBA/F1 background and aged from 66 to 126 days. Animals were housed on a 14-hour light, 10-hour dark cycle with light on at 0400 AM Eastern Standard Time. Animals were provided with water and Teklad 2916 chow (Envigo, Madison, WI) ad libitum. To study effect of estradiol on CRH response, mice were OVX under isoflurane anesthesia with bupivacaine as a local analgesic. Mice were either implanted with a Silastic (Dow Corning, Midland, MI) capsule containing 0.625 mg of 17b-estradiol in sesame oil (OVX+E group) or not treated further (OVX) at the time of surgery (2) . Recordings were performed 2 to 3 days after surgery. The Institutional Animal Care and Use Committee of the University of Michigan approved all procedures.
Brain slice preparation
Solutions were bubbled with 95% O 2 and 5% CO 2 throughout the experiments and for at least 15 minutes before exposure to tissues. The brain was removed rapidly 1.5 to 2 hours before lights off and placed in ice-cold sucrose saline solution containing 250 mM sucrose, 3.5 mM KCl, 26 mM NaHCO 3 , 10 mM D-glucose, 1.25 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , and 3.8 mM MgCl 2 . Coronal brain slices (300 mm) were prepared with a Leica VT1200S (Leica Biosystems, Buffalo Grove, IL). Slices were incubated in a 1:1 mixture solution of sucrose-saline and artificial cerebrospinal fluid (ACSF) containing 135 mM NaCl, 3.5 mM KCl, 26 mM NaHCO 3 , 10 mM D-glucose, 1.25 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , and 2.5 mM CaCl 2 for 30 minutes at room temperature and then transferred to 100% ACSF for at least 30 minutes at room temperature before recording. Slices were placed in the chamber continuously perfused with oxygenated ACSF at a rate of 3 mL/min and heated by an in-line heater (Warner Instruments, Hamden, CT) to maintain temperature at 30°C 6 1°C. Green fluorescent protein-labeled GnRH neurons were identified by brief fluorescent illumination at 488 nm on an upright fluorescence microscope Olympus BX51W1 (Opelco, Dulles, VA).
Electrophysiological recordings
Recording pipettes were pulled from borosilicate capillary glass (type 7052, 1.65-mm outer diameter and 1.12-mm inner diameter; World Precision Instruments, Inc., Sarasota, FL) using a Flaming/Brown P-97 (Sutter Instrument, Novato, CA) to obtain pipettes with a resistance of 2 to 3.5 MV when filled with HEPES-buffered solution, containing 150 mM NaCl, 3.5 mM KCl, 10 mM HEPES, 10 mM glucose, 1.3 mM MgCl 2 , and 2.5 mM CaCl 2 . Targeted single-cell extracellular recordings were performed with an EPC-8 or EPC-10 dual-patch clamp amplifier (HEKA Elektronik, Holliston, MA) and Patchmaster software (HEKA Elektronik) as data acquisition software. This method does not alter the intracellular milieu of the cell and minimizes interaction between the recording pipette and cell membrane (33, 34) . Low resistance seals were made between recording pipette and neuron. Seal resistance was checked every 10 minutes during the recording. Data were excluded if the resistance was .25 MV. Recordings were made in voltageclamp mode at 0 mV holding potential and signal filtered at 10 kHz. Data were obtained from 9 to 12 cells per treatment group, with no more than two cells per mouse; range of firing rate within an animal was similar to that between animals within a group. All recorded neurons were mapped to a brain atlas (35) to determine the relation between anatomical location and response to treatment. No correlation between location of cells and response was observed in this study.
Experimental design
GnRH neurons from OVX+E mice show time-of-daydependent change in firing activity; the firing rate is low in the morning due to estradiol negative feedback and high in the late afternoon due to estradiol positive feedback (2) . To study effects of CRH on GnRH neuron firing activity, recordings were made in late afternoon when mice treated with estradiol exhibit positive feedback (2) . After establishing the extracellular recording configuration, recordings were stabilized for 5 to 10 minutes and then spontaneous basal (control) activity was recorded for 5 minutes before treatment. CRH at various doses [0 (i.e., vehicle), 10, 30, 100, or 1000 nM; Bachem, Torrance, CA] was then bath-applied for 5 minutes, followed by a wash period lasting up to 20 minutes to determine if effects were reversible. To study the CRHR subtypes that contribute to effects of CRH on GnRH neuron firing activity, specific agonists were used. The CRHR-1 agonist stressin I (10 nM; Tocris) or the CRHR-2 agonist urocortin (Ucn) III (10 nM; Bachem) were bath-applied to separate sets of brain slices from OVX+E mice in place of CRH in the above paradigm. If no firing activity was observed during the wash out period, ACSF with 20 mM K + was applied to induce firing to verify cell viability and recording integrity. If a cell did not display action currents in response to high K + treatment, data from that cell were excluded from the analysis. All drug stocks (CRH, stressin I, Ucn III) were reconstituted in water and diluted at least 1:1000 in ACSF for treatments.
Data analysis
Action currents during targeted-extracellular recording reflect action potential firing. Action currents were detected using custom software written in Igor Pro (Wavemetrics, Lake Oswego, OR). Data were binned at 60-second intervals and mean firing rate (number of action potentials/recording duration) was calculated for control (last 3 minutes of control period), treatment (last 2 minutes of treatment and first minute of wash out period; washout period begins when the intake is switched back to ACSF and treatment exposure continues unaltered for at least another minute before the solution change reaches the chamber), and wash out periods. The wash was divided into sequential 3-minute periods (skipping the first 2 minutes to allow solution exchange) to equalize the duration of recording for analysis. The first wash period in which mean frequency returned to baseline levels was used for analysis; the last wash period was used for cells in which firing rate did not completely recover from treatment. Percent change in mean firing frequency during treatment was calculated relative to that during the control period. Cells were defined as responding if firing frequency during treatment changed by $30%; both responding and nonresponding cells were included in statistical analyses for each treatment. In addition to mean firing rate, changes in burst firing characteristics of GnRH neuron were also determined. Groups of action currents (bursts) were identified by custom software in Igor Pro. This software adjusted the maximum time between events (burst window) from 0.01 to 5 seconds at 10-ms intervals. Events are included in a burst if the time interval between events is less than or equal to the burst window. For the present analyses, action currents were included together as a burst if the interval between events was #320 ms. This burst window was chosen because it provides the consistent maximum number of bursts detected by the software across the groups in this study. Burst frequency (bursts/ 3 minutes), burst duration, number of spikes/burst, and intraburst interval were analyzed and compared between control, treatment, and wash out periods.
Statistics
Data are reported as mean 6 standard error of the mean (SEM). Statistical analyses were performed using Prism 7 (GraphPad Software, La Jolla, CA). Normality of data were analyzed using a Shapiro-Wilk normality test. Two-way repeated-measure analysis of variance (ANOVA) was used to determine effects of CRH 30 and 100 nM on firing activity during control, treatment, and wash out periods of GnRH neurons between OVX and OVX+E mice. Student paired t test was used to analyze the effect of 1 mM CRH on GnRH neurons from OVX mice (no wash period was included for these recordings as the lack of effect was obvious). Effects of CRHRspecific agonists (stressin I and Ucn III) or vehicle on firing activity of GnRH neurons were analyzed by one-way repeatedmeasure ANOVA for control, treatment, and wash out periods. Burst parameters as defined above were analyzed by two-way repeated-measure ANOVA for control, treatment, and wash out periods. Specific statistical tests are indicated in the figure legends. Significance was set at P , 0.05.
Results

CRH does not affect GnRH neuron firing activity in OVX mice
To study the effect of CRH on GnRH neurons in the absence of ovarian estradiol, we tested effects of low (30 nM) and high (100 nM) concentrations of CRH on GnRH neuron firing activity in brain slices from OVX mice. Figures 1A-1C show representative traces from extracellular recording of GnRH neurons from OVX mice before and during treatment with CRH. A minority (two of nine) of GnRH neurons from OVX mice treated with 30 nM CRH exhibited increased firing by the 30% change criteria, but overall this treatment had no effect on firing rate ( Fig. 1D and 1E ; n = 9; control 0.3 6 0.1 Hz; CRH 30 nM, 0.4 6 0.1 Hz; wash 0.4 6 0.1 Hz; P . 0.9). Similarly, in response to 100 nM CRH, two of nine GnRH neurons from OVX mice exhibited decreased firing, but overall 100 nM CRH had no effect on firing rate ( Fig. 1D  and 1E ; n = 9; control 0.4 6 0.1 Hz; 100 nM CRH 0.4 6 0.2 Hz; wash 0.5 6 0.1 Hz; P . 0.9). To examine if the lack of response in cells from OVX mice was due to insufficient dose, 1000 nM CRH was tested in this group; this dose had no effect on firing frequency of GnRH neurons from OVX mice ( Fig. 1D and 1E ; n = 5; control 0.2 6 0.03 Hz; 1 mM CRH 0.2 6 0.03 Hz; P . 0.8).
CRH alters firing activity of GnRH neurons from OVX+E mice in a dose-dependent manner
To study if CRH affected GnRH neuron activity in the presence of estradiol, CRH was bath-applied to brain slices from OVX+E mice; no steroids were added during recordings; estradiol was present only in vivo. Representative traces of GnRH neuron firing activity during control, CRH treatment, and wash out periods are shown in Fig. 2A and 2B . In cells from OVX+E mice, 30 nM CRH increased the firing frequency in four of nine cells and increased overall firing rate of the group ( Fig. 2D and  2E ; n = 9; control 0.7 6 0.1 Hz; CRH 30 nM 1.2 6 0.5 Hz; wash 0.7 6 0.2 Hz; P , 0.05). In marked contrast, 100 nM CRH decreased the firing frequency of 7 of 12 GnRH neurons from OVX+E mice ( Fig. 2D and  2E ; n = 12; control 0.8 6 0.2 Hz; CRH 100 nM 0.4 6 0.1 Hz; wash 0.8 6 0.2 Hz; P , 0.01). During 100 nM CRH treatment, 2 of 12 cells showed increased in firing frequency, but the overall effect of 100 nM CRH was inhibitory. Because estradiol appeared to induce sensitivity of the GnRH firing response to CRH, we tried a lower CRH dose on slices from OVX+E mice. GnRH neurons did not respond to 10 nM CRH treatment (n = 5; control 0.4 6 0.2 Hz; CRH 10 nM 0.4 6 0.2 Hz; P . 0.8). Similarly, vehicle treatment had no effect on GnRH neuron firing frequency ( Fig. 2C-2E ; n = 5; control 0.6 6 0.1 Hz; vehicle 0.6 6 0.1 Hz; P . 0.1). These results suggest that CRH alters GnRH neuron activity in an estradiol-dependent manner with both stimulatory and inhibitory actions observed depending upon dose. Further, the consistent lack of response of cells from OVX mice to CRH and of OVX+E mice to 10 nM CRH or vehicle indicates that the changes attributed to 30 and 100 nM CRH in cells from OVX+E mice are not due to random fluctuations in firing rate of GnRH neurons (2, 36) .
CRH stimulates GnRH neuron firing activity via CRHR-1
Two types of CRHRs have been identified in mammals: CRHR-1 and CRHR-2 (37, 38). CRHR-1 has a higher affinity for CRH (39). Thus, it is possible that low concentrations of CRH might activate mainly CRHR-1 and lead to stimulation of GnRH neurons, whereas higher concentration of CRH could also bind and activate CRHR-2 and result in a different response. To test if CRH stimulates firing of GnRH neurons via CRHR-1, stressin I (CRHR-1 specific agonist) was bath-applied to brain slices from OVX+E mice and GnRH neuron firing activity recorded. Figure 3A shows representative traces from GnRH neurons in OVX+E before and during stressin I (10 nM) treatment. Stressin I increased firing rate of GnRH neurons in 7 of 11 cells from OVX+E mice and no cells exhibited decreased firing rate ( Fig. 3C and  3D ; n = 11; control 0.7 6 0.2 Hz; stressin I 1.0 6 0.2 Hz; wash 0.8 6 0.2 Hz; P , 0.05). These data support the postulate that low concentrations of CRH activate GnRH neuron activity via the CRHR-1 pathway.
CRH inhibits GnRH neuron firing activity via CRHR-2
To test if activation of CRHR-2 inhibits GnRH neurons, Ucn III, which has been described as an endogenous ligand specific for CRHR-2 (40), was bath-applied to brain slices from OVX+E mice. Ucn III (10 nM) suppressed firing frequency of GnRH neurons in 7 of 11 cells, and no cells exhibited increased firing ( Fig. 3B-3D ; n = 11; control 0.9 6 0.3 Hz; Ucn III 0.5 6 0.2 Hz; wash 0.9 6 0.3 Hz; P , 0.05). This suggests that inhibitory effects of CRH on GnRH neuron activity are at least in part mediated through CRHR-2.
Activation of CRHRs alters short-term firing pattern of GnRH neurons
The change in mean firing frequency provides an overview of the effects of CRH on GnRH neuron activity. The short-term pattern of how action currents are grouped together, referred to as burst firing, is also of interest and has been associated with hormone secretion from neuroendocrine cells (41) . To further understand the effect of CRH on GnRH neurons, burst firing patterns of the above GnRH neurons from OVX and OVX+E mice were analyzed during control, CRH and CRHR agonist treatments, and wash out periods. All cells were analyzed for burst frequency in all three periods. Of 61 cells studied, 59 cells exhibited bursts during all three periods and were included in the analysis of burst properties. One cell that exhibited bursts only during the control period, and one cell that exhibited bursts during control and treatment periods are shown in Fig. 4 but not included in the repeated-measures analysis for burst properties as they had no bursts to analyze; these cells both fired single spikes throughout the recording. Of note, two-group analysis of control vs treatment and three-group analysis of control, treatment, and washout revealed statistical differences in the same parameters. In GnRH neurons from OVX mice, there was no change in any burst parameter analyzed in response to any treatment. In GnRH neurons from OVX+E mice, however, CRH (30 nM) and stressin I increased burst frequency (Fig. 4A) . In contrast, 100 nM CRH and Ucn III decreased burst frequency (Fig. 4A) . There was no change in burst duration, spikes/burst, or intraburst interval after 100 nM CRH and Ucn III treatment (Fig. 4B-4D ). CRH 30 nM increased both burst duration and spikes/burst ( Fig. 4C and 4D ). Stressin I also decreased intraburst interval and mean burst duration in GnRH neurons (Fig. 4B and 4C ). Although the difference in intraburst interval caused by stressin I treatment achieved a P value indicating statistical significance, the absolute magnitude of the change is small and may have minimal biological effect.
Discussion
GnRH neurons integrate a variety of upstream inputs to produce a secretory output pattern that regulates the downstream reproductive system. Stress exposure can increase or decrease reproductive neuroendocrine output, and response to stress is also modulated by steroid milieu. Here we show that both stimulatory and inhibitory effects of stress can be induced by central interactions among neuroendocrine systems. Specifically, CRH can increase or decrease GnRH neuron firing rate; these effects are estradiol dependent, and the differential response is mediated through activation of specific CRHR.
CRH had a dose-dependent effect on firing rate of GnRH neurons from estradiol-treated OVX mice, with higher concentrations suppressing activity and lower concentrations stimulating it. The effects of CRH on GnRH neurons are mitigated in OVX mice, suggesting estradiol enables the mechanisms that mediate response to CRH. These findings support previous work demonstrating an effect of estradiol on the stress response and extend those studies to effects at the GnRH neuron. At the whole animal level, the inhibitory effect of stress or CRH treatment on LH pulse frequency is stronger in animals with elevated estradiol levels in several species, whether these are due to estradiol treatment or studies in the follicular vs luteal phase of the cycle (8, 11, 13, 21, 25, 26, 42) . The mechanisms engaged by estradiol to facilitate the GnRH neuron response to stress are not known but several possibilities exist. First, estradiol may modulate CRHR expression. CRHR is higher during proestrus, when estradiol peaks during the cycle, than in diestrus (43) . The CRHR-2 promoter contains a classical estrogen receptor response element (44) , which could be a target for regulation of expression. Although GnRH neurons lack estrogen receptor-a, both estrogen receptorb and membrane estrogen receptors have been reported in GnRH neurons (45, 46) . It is thus possible that estradiol acts directly on GnRH neurons to alter CRHR expression in these cells. Second, estradiol alters ionic conductances in GnRH neurons, including voltage-gated potassium and calcium currents, transient receptor potential channels, and hyperpolarization-activated channels (47) (48) (49) (50) (51) (52) . In other neurons, CRH adjusts excitability by modulating multiple currents (53, 54) . Interactions between CRH actions and estradiol-induced changes in intrinsic properties of GnRH neurons could poise these cells to change firing activity. Third, estradiol may facilitate GnRH neuron response by altering synaptic connectivity from afferent populations that are CRHsensitive. Estradiol alters synaptic interactions in several brain regions, including the hypothalamus (55) . Of interest in this regard, kisspeptin stimulation of GnRH neuron firing activity is greater in OVX+E than OVX mice because in the former kisspeptin increases excitatory neurotransmission to GnRH neurons, in addition to direct effects on GnRH neurons observed in both animal models (56, 57) . Fourth, estradiol increases CRH mRNA expression in the paraventricular nucleus (PVN) of the hypothalamus in rats (8). This does not apply to the design of the current study because CRH was applied as a treatment, but estradiol upregulation of CRH levels could enhance the effect of stress on the reproductive system in vivo.
The effects of CRH on GnRH neurons observed in this study could be direct and/or indirect. CRHcontaining fibers synapse on GnRH neurons, which express CRHR-1, enabling direct action (28-30). Fibers from CRH-producing neurons in the PVN appose GnRH neurons (28) . The source of CRH that acts on GnRH neurons remains controversial, however, as retrograde tracing with cholera toxin from the preoptic area revealed only sparse overlap with CRH neurons in the PVN (58) . This very sparse PVN CRH input to GnRH neurons may be due to the relative underinnervation of GnRH neurons (59) , because direct innervation of GnRH neurons by CRH arises from a different source, and/or because PVN CRH neurons act on GnRH neurons via intermediate cells. Indirectly, GnRH neurons receive numerous upstream inputs and integrate those signals to regulate the downstream reproductive system. Some of these inputs may be CRH-sensitive. Gamma-aminobutyric acid (GABA) and glutamate fast synaptic transmission are the main forms of communication in the brain (60, 61) and GnRH neurons receive both types of fast synaptic inputs (62, 63) . Blocking GABA A receptors in the preoptic area in vivo eliminates the ability of CRH to reduce LH pulse frequency (9, 64) ; because the action of GABA on GnRH neurons is excitatory (65) , this suggests receptors on other cells exhibiting the more typical inhibitory response to GABA mediate this response. Stress modifies glutamatergic synapses in other brain regions (66) . In addition to fast synaptic transmission, stress may affect neuromodulation of GnRH neurons. In this regard, both the stimulatory kisspeptin system (56, 67, 68) , and inhibitory gonadotropin-inhibitory hormone (GnIH) system (69) (70) (71) (72) are affected by stress. Kisspeptin neurons both in the arcuate and anteroventral periventricular nucleus regions are reported to express CRHRs (73) . Stress exposure or CRH treatment decrease Kiss1 and Kiss1r expression in the hypothalamus (74) , possibly reducing excitatory neuromodulation of GnRH neurons via kisspeptin. Although only a small percent (13%) of GnIH neurons express CRH-R1 receptors (75) , over half of GnIH neurons have increased Fos expression in response to stress exposure (76) ; stress also increased the number of appositions from GnIH-immunoreactive fibers on GnRH neurons (76) . These changes would potentially enhance effects of this inhibitory system. Action of CRH via GnRH neuron afferents might explain why some GnRH neurons in this study did not respond to CRH treatment; specifically, in some brain slices, upstream cells that are CRH-responsive might be removed during slice preparation.
The dose dependency of the response to CRH suggested the possibility that different CRHRs may mediate these responses. We used receptor-specific agonists to test this and found that activation of CRHR-2 inhibits GnRH neurons, whereas CRHR-1 stimulates GnRH neurons. The involvement of two receptors mediating opposite effects may explain some of the variation observed when CRH itself was used as a treatment. The primary effect of 100 nM CRH was inhibitory, but a couple of cells increased firing in response to this treatment; in contrast, none of GnRH neurons treated with the CRHR-2 specific agonist Ucn III, exhibited stimulation. CRH may activate both receptor subtypes and, in most cases, the inhibitory effects of CRH overpowered the stimulatory effect resulting in suppression of GnRH neuron activity. Similarly, when the specific CRHR-1 agonist was used, a higher percent of GnRH neurons responded than did to 30 nM CRH and all responding cells increased firing rate.
The receptor-specific effects of CRH on GnRH neuron firing may be attributable to signaling pathways engaged upon CRH agonist binding. CRHRs are class-B Gprotein coupled receptors that can interact with several Ga subunits (77, 78) . CRHR-1 appears to primarily couple to Gas and Gaq (79, 80) . CRHR-2, however, couples with multiple types of G-proteins, including Gaq (80, 81), Gas (82) , and Gai (80) . The type of Ga subunit coupled to CRHR-2, and to some extent CRHR-1, varies among cell types (79) . The simplest explanation for the opposite effects of activating CRHR-1 vs CRHR-2 would be direct action on GnRH neurons via Gas and Gai subunits. Beyond the current lack of evidence for CRHR-2 expression in GnRH neurons, this explanation does not take into account possible indirect action via afferents that excite or inhibit GnRH neurons. For example, activation of GnRH neuron firing by CRHR-1 agonists may be due to stimulation (via Gas or Gaq) of an excitatory input. Suppression of GnRH neurons by CRHR-2 agonists may be due to suppression (via Gai) of an excitatory input or activation (via Gas and Gaq) of an inhibitory input. Future work to determine the cell signaling pathways in GnRH neurons and their upstream regulators upon activation of CRHRs are needed to test these postulates.
The ability of CRH to both activate and inhibit GnRH neurons could contribute to the different response of the reproductive system to stress. The importance of CRHR-2 in inhibitory effects of stress on fertility has been noted in several studies (20, 27, 83) . Pretreatment with a CRHR-2 antagonist prevents stress-induced suppression of LH pulses by metabolic (insulin-induced hypoglycemia), immunological (lipopolysaccharide), and psychological (restraint) stressors (20) . Ucn II, which exhibits high affinity for CRHR-2 and low affinity for CRHR-1 similar to Ucn III (40, 84) , suppresses LH pulses in female rats in a dose-dependent manner, and blocking of CRHR-2 abolishes the effect of Ucn II on LH pulses (83) . Interestingly, expression of mRNA encoding Ucn II in the PVN is increased following restraint stress (85) . A role for CRHR-1 in the stimulatory effect of stress on the reproductive system in vivo has also been reported.
Exposure to restraint stress on the morning of proestrus induces LH and follicle-stimulating hormone secretion in female proestrous rats (5) . This stimulatory effect of restraint stress on LH secretion is blocked by pretreatment of CRHR-1, but not CRHR-2, antagonist suggesting CRHR-1 mediates the stimulatory effect of stress. The present results support and extend these previous findings by demonstrating that activation of CRHR-1 vs CRHR-2 can induce or suppress firing of GnRH neurons, respectively.
Burst firing in neuroendocrine cells is related to the secretion of hormones (41, 86, 87) . GnRH neurons exhibit burst firing patterns, although the burst firing in GnRH neurons is slower (88, 89) compared with other neurons (90) (91) (92) . Treatments that inhibited mean firing rate of GnRH neurons (100 nM CRH or Ucn III) did so by reducing the number of bursts; once initiated, burst duration, number of spikes per burst, and intraburst interval were not different. This may suggest CRHR-2 agonists act indirectly to reduce excitatory drive to GnRH neurons. This would decrease initiation of action potentials and hence number of bursts, but once the burst is initiated, burst characteristics would remain similar because intrinsic properties of GnRH neurons are unaffected. In contrast to CRHR-2, activation of CRHR-1 by 30 nM CRH or stressin I increased burst firing in GnRH neurons. Further, these treatments altered other burst parameters. This suggests a possible direct action via CRHR-1 on GnRH neurons to change intrinsic properties and burst characteristics. Consistent with these postulates and as mentioned above, CRHR-1 mRNA, but not type 2, appears to be expressed in GnRH neurons from female mice (30) . Although CRH did not alter mean firing frequency of GnRH neurons from OVX mice, it is possible to alter burst firing without affecting the overall frequency, but we did not observe any change in burst parameters in GnRH neurons from OVX mice during either 30 nM or 100 nM CRH treatments. This emphasizes the importance of estradiol in the response of GnRH neurons to CRH.
The relationship between stress and reproduction varies among studies. The present findings that CRH exerts either stimulatory or inhibitory effects on GnRH neuron activity depending on the CRHR activated provide mechanistic insight into how stress can have different effects. The finding that estradiol potentiates both effects of CRH on GnRH neurons supports and extends previous work indicating steroid milieu alters the response to stress. Together, these observations indicate interactions among the stress and reproductive axes are bidirectional. These findings can help shape future studies of mechanisms that underlie the different responses resulting from stress exposure in animals.
